The hypoxia-inducible factor 1 (HIF-1) regulates the cellular response to oxygen deprivation or hypoxia. HIF-1 is composed of an oxygen-regulated HIF-␣ subunit and a constitutive HIF-1␤ subunit (45) . To date, three HIF-␣ isoforms have been described, of which HIF-1␣ and HIF-2␣ are the best characterized. HIF-1␣ is expressed ubiquitously, while HIF-2␣ displays more tissue-specific expression (51) . The HIF-1 heterodimer binds to a conserved HIF binding sequence within the hypoxia-responsive element (HRE) in the promoter or enhancer regions of target genes, causing their transactivation and an adaptive response of the tissue to hypoxia (44) . HIF-1 activation is important in development and in normal adult tissues such as in skin during wound healing or in the kidney during hematopoiesis (17, 19) . HIF-1 is also upregulated in many solid tumors which contain hypoxic regions because of the inability of the local vasculature to supply sufficient oxygen to the growing tumor (45) . HIF-1␣ is a positive factor in tumor growth, and its increased expression has been correlated with poor patient prognosis (43) .
Ubiquitin is a highly conserved eukaryotic protein that when covalently attached as repetitive chains to target proteins via K48 linkages targets them for degradation by the proteasome (8) . The ubiquitination process involves a ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzymes (E2), and a substrate-specific ubiquitin-protein ligase (E3) that recognizes and recruits specific target proteins for ubiquitination. Under aerobic conditions, HIF-1␣ is hydroxylated by specific prolyl hydroxylases (PHDs) 1 to 3 in an oxygen-dependent manner at two conserved proline residues (P402 and P564 in human HIF-1␣) that are situated within the oxygen-dependent degradation (ODD) domain of HIF-1␣ (23) . Hydroxylation of these residues allows for recognition of the von Hippel-Lindau protein (pVHL), which together with elongin C, elongin B, cullin-2, and Rbx1 (the pVHL-E3 ligase complex) and the E2 enzyme UbcH5, causes the ubiquitination and subsequent degradation of HIF-1␣ by the 26S proteasome (34) . Under hypoxic conditions where oxygen is limited, the activities of the PHDs are inhibited and HIF-1␣ is not recognized by pVHL, resulting in HIF-1␣ stabilization.
The pVHL-dependent degradation of HIF-1␣ is regulated by other factors such as OS-9, which increases the interaction of HIF-1␣ with the PHDs, hence increasing its degradation (2) , and spermidine/spermine N-acetyltransferase 2 (SSAT2), which stabilizes the interaction between HIF-1␣, pVHL, and elongin C, thus also promoting HIF-1␣ degradation (1) . Adding to the complexity of HIF-1␣ regulation, it has recently been shown that hypoxia induces the SUMOylation of HIF-1␣, which enables the hydroxylation-independent binding and subsequent degradation of HIF-1␣ by the pVHL-E3 ligase complex (7) . However, under normal conditions, this is prevented by SUMO-specific protease 1 (SENP1), which deconjugates SUMOylated HIF-1␣, thus stabilizing HIF-1␣ (7). Although not directly regulating the ubiquitination of HIF-1␣, the Siah1 and Siah2 RING (really interesting new gene) type E3 ligases that bind and degrade PHDs 1 and 3 during hypoxia present another level of control of HIF-1␣ levels (33) . Additionally, Hdm2, the RING E3 ligase that binds and degrades the p53 tumor suppressor protein, can also induce the proteasomal degradation of HIF-1␣ in a p53-dependent manner (40) .
While the pVHL-E3 ligase complex is currently the best known E3-ubiquitin-protein ligase that directly associates with and degrades HIF-1␣, there is compelling evidence for the existence of other, non-pVHL-mediated mechanisms for HIF-1␣ degradation (10, 11, 21, 27, 38, 48) . HIF-1␣ degradation mediated by the Hsp90 inhibitor 17-AAG has been attributed to the receptor of activated protein kinase C (RACK1), which binds to HIF-1␣ when Hsp90 is inhibited and recruits elongin C and other components of the E3 ligase complex to HIF-1␣, hence promoting HIF-1␣ ubiquitination and degradation (30) .
⌯ere, we identify hypoxia-associated factor (HAF) as a new E3 ligase for HIF-1␣ that mediates the degradation of HIF-1␣ through a novel pVHL-and oxygen-independent pathway. HAF, also known as SART1 800 (squamous cell carcinoma antigen recognized by T cells), was originally identified as a nuclear protein expressed in proliferating cells (47) . Here, we show that HAF is an important regulator of HIF-1␣ that, unlike pVHL, is able to ubiquitinate and degrade HIF-1␣ irrespective of cellular oxygen tension. We also demonstrate the importance of HAF in the regulation of HIF-1␣ levels under multiple conditions and explore its significance in relation to the pVHL pathway in a panel of cell lines. Hence, our data establish a new mechanism for the regulation of HIF-1␣ via an oxygen-independent degradation pathway.
MATERIALS AND METHODS
Tissue culture. HT29, PANC-1, DU-145, and PC-3 cells were from ATCC (Manassas, VA). UMRC6, RCC4, and RCC4/VHL cells were gifts from P. Corn (University of Texas M. D. Anderson Cancer Center). Cells were maintained in McCoy's 5A media (HT29), Dulbecco's modified Eagle's medium (PANC-1, DU-145, UMRC6, and RCC4), and Ham's F-12 (PC-3) supplemented with 10% fetal bovine serum and 400 g/ml G418 where appropriate. Hypoxic incubations (1% O 2 ) were performed for 16 h using the InVivo 2 hypoxia workstation (Biotrace International, Inc., Muncie, IN). Cell lysis was performed under hypoxic conditions to limit the pVHL-dependent polyubiquitination of HIF-1␣ induced by reoxygenation (23) . Human recombinant epidermal growth factor (EGF) was from R&D Systems (Minneapolis, MN), cycloheximide was from Sigma-Adrich (St. Louis, MO), and [
35 S]methionine/cysteine Easytag express protein labeling mix was from Perkin-Elmer (Waltham, MA).
Plasmid construction. HAF was PCR amplified from pOTB7 (ATCC MGC-2038) and recombined into pcDNA3-DEST-47 using Gateway methods (Invitrogen, Carlsbad, CA). To create FLAG-HAF (F-HAF), HAF was ligated into p3xFLAG-CMV-14 (Sigma-Aldrich), while for recombinant protein production, full-length HAF and truncated HAF were ligated into pGEX-4T1 (Amersham Biosciences, GE Healthcare, Piscataway, NJ). Site-directed mutagenesis for HAF 396-800 C-A mutations was performed using the QuikChange kit (Stratagene, La Jolla, CA). Insert sequences were verified by sequencing. pcDNA3-HIF-1␣ was from P. Corn (University of Texas M. D. Anderson Cancer Center), while pcDNA3.1-HIF-1␣/P402A/P564A/N803A was from M. Celeste Simon (Abramson Cancer Center, University of Pennsylvania). HIF-1␣ truncations were generated by PCR and ligated into pcDNA3.2-V5/GW (Invitrogen) using Gateway recombination. For recombinant HIF-1␣ expression, V5-HIF was excised from pcDNA3.2-V5/GW and religated into pGEX-KG (Amersham).
Antibody production. Rabbit polyclonal antibodies were raised against recombinant glutathione S-transferase (GST)-HAF 432-800 . Immunization and antibody purification were performed by Bethyl Laboratories (Montgomery, TX). Antibody validation was by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using FLAG-tagged and endogenous HAF from cell lysates and detected HAF as a single band at Ϸ120 kDa, as previously reported for HAF (49) .
Generation of stable clones. pcDNA3-DEST47-HAF or empty vector was transfected into HT29 cells using Lipofectamine 2000 (Invitrogen). Stable clones were selected using 500 g/ml G418, and HAF expression was verified by quantitative reverse transcription-PCR (RT-PCR) and Western blotting.
Transient transfections. DNA transfections were performed using Lipofectamine 2000 (HT29 and RCC4) and Fugene 6 (Roche Applied Science, Indianapolis, IN) (UMRC6). Small interfering RNA (siRNA) transfections were performed using siPORT Amine (Ambion, Applied Biosystems, Foster City, CA) for HT29, DharmaFECT 2 (Dharmacon, Lafayette, CO) for PC-3, Dharma-FECT 1 for DU-145, X-tremeGENE for UMRC6, and Lipofectamine 2000 for RCC4 and PANC-1 cells, using either Dharmacon SMARTpool siRNAs for HAF (L-017283-00-0005 [siHAF and HAF1]), pVHL (M-003936-00 [siVHL]), or nontargeting pool 1 (Con) or Ambion predesigned siRNA duplexes for HAF (identification no. 15969 [HAF2]). Knockdown efficacy was determined using TaqMan quantitative RT-PCR compared to control siRNA. Cotransfections of DNA and siRNA were performed using Lipofectamine 2000 (PANC-1 and RCC4), siPORT Amine (HT29), and X-tremeGENE (UMRC6).
Quantitative RT-PCR. Total RNA was isolated from cell lysates or tumor sections using the PARIS kit (Ambion, Inc). TaqMan quantitative RT-PCR was performed on the ABI 7300 system using the TaqMan one-step RT-PCR master mix kit and predesigned primers/probes (Applied Biosystems). Normalization and analyses were carried out using ␤ 2 -microglobulin (B 2 M) as the internal reference by the 2 Ϫ⌬⌬CT method (31) and with Applied Biosystems GeneAmp 5700 SDS software. All measurements were performed in triplicate. Significance was determined by analysis of variance or Student's t tests where appropriate.
Western blotting and IP. Western blotting was performed with sonicated whole-cell or tumor lysates as previously described (37) . Fractionations were performed using NE-PER nuclear and cytoplasmic extraction reagents (Pierce, Rockford, IL). Primary antibodies were obtained from the following sources: HIF-1␣ RACK1, Elongine, and GST, BD Biosciences, San Jose, CA; HIF-2␣ (NB100-122), Novus Biologicals, Littleton, CO; hemagglutinin (HA) and FLAG, Sigma-Aldrich; V5, Invitrogen; ubiquitin, lamin A/C, and actin, Santa Cruz Biotechnology, Inc., CA; and control immunoglobulin G1 (IgG1), Bethyl. Immunoprecipitation (IP) was performed with 1 mg lysate and antibody in lysis buffer and protein A-Sepharose beads (Sigma-Aldrich) overnight at 4°C. For sequential IP, 2.5 mg initial lysate was incubated with antibody as for single IP and washed and boiled in 50 l 1% SDS for 5 min, after which IP was repeated with the supernatant with fresh beads and antibody in 1 ml lysis buffer.
Pulse-chase analysis. RCC4 cells transiently transfected with 50 nM siHAF#1 or control siRNA (one time per six-well plate per time point) were grown for 72 h. Cells were starved for 1 h in methionine/cysteine-free medium (Gibco cell culture; Invitrogen) supplemented with L-glutamine, labeled with 180 Ci/ml [ 35 S]methionine/cysteine in methionine/cysteine-free medium for 2 h, and then washed three times in normal medium and harvested after 0, 1, 2, and 4 h of incubation in normal medium. HIF-1␣ IP was performed as described above using the entire volume of lysate. Detection of the HIF-1␣ band was performed by autoradiography and quantitated by densitometry.
Luciferase reporter assay. The HIF luciferase reporter plasmid containing five tandem repeats of the HRE fused to a cytomegalovirus (CMV) minimal promoter (46) in the pGL3 vector backbone (Promega, Madison, WI) was a gift from R. Gillies (Arizona Cancer Center, Tucson, AZ). Assays were performed using the Dual-Glo luciferase assay system (Promega).
VEGF ELISA. The vascular endothelial growth factor (VEGF) concentration in media was measured using the Quantikine human VEGF enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems). Adherent cells were trypsinized and counted using a Neubauer hemocytometer, and VEGF formation was normalized to the cell number in each well.
GST pull-down assays. HIF-1␣ and truncations were generated using TNT quick coupled transcription/translation systems (Promega). Twenty microliters of in vitro-translated V5-tagged HIF-1␣ was incubated with 4 g GST or GST-HAF conjugated to glutathione-agarose beads in binding buffer (20 mM Tris [pH 7.4], 250 mM NaCl, 0.1% NP-40, 1 mM dithiothreitol, 1ϫ protease inhibitor cocktail), rotated at 4°C for 2 h, and washed five times with binding buffer. Proteins were eluted by boiling in sample buffer and analyzed by SDS-PAGE.
Recombinant protein production. GST-HIF 296-826 -V5 and GST-HAF were expressed using BL21 Star (DE3) competent Escherichia coli cells (Invitrogen). Briefly, cells growing in log phase were induced with 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 4 h at 25°C at 200 rpm and purified with glutathione-agarose beads (Sigma-Aldrich) as previously described (37) .
In vitro ubiquitination assays. Autopolyubiquitination assays were performed using 10 g glutathione-agarose bound GST-HAF (or mutants) as described previously (4) . For polyubiquitination of HIF-1␣, glutathione-agarose-bound GST-HAF or GST-HIF-1␣ was combined in 50-l reaction mixtures containing 50 mM HEPES (pH 7.4), 10 mM MgCl 2 , 2 mM ATP, 60 mM phosphocreatine (Fluka, Sigma-Aldrich), 5 U creatine phosphokinase (Sigma-Aldrich), 2 mM dithiothreitol, 50 M human recombinant ubiquitin (Boston Biochem, Cambridge, MA), 100 nM E1, and 500 nM human recombinant E2 (Boston Biochem) and incubated at 37°C for 3 h with gentle agitation. Beads were washed and boiled, and the supernatant was immunoprecipitated with anti-V5 antibody and analyzed by SDS-PAGE. In vitro growth studies. Cells were seeded in triplicate at 10 5 cells/well of six-well tissue culture plates and then trypsinized and counted at daily intervals. Viability was determined by trypan blue exclusion.
In vivo growth studies. Nude mice (four per group) were injected subcutaneously with 10 7 HT29 cells. Tumor diameters were measured twice weekly at right angles (d short and d long ) using electronic calipers, and tumor volumes were calculated by the formula volume ϭ (d short ) 2 ϫ (d long ) 2 (35) . Mice were euthanized when the tumors reached 1,500 mm 3 , and the tumors were photographed and split in half, with one-half stored in RNAlater (Ambion) for RNA isolation and the other half snap-frozen in liquid nitrogen for protein analyses. Tumor vasculature was visualized by staining with CD105 antibody (R&D), and nuclei were visualized by staining with hematoxylin. Five randomly acquired fields per tumor were analyzed for CD105-positive objects using Compix SimplePCI (Compix, Inc., Sewickley, PA) image analysis software. Mature vasculature was excluded based on the area contained by a structure. 
RESULTS
HAF regulates oxygen-independent degradation of HIF-1␣. Since HAF has been shown to promote the hypoxia-induced activation of the HIF-1␣ target genes VEGF and EPO (16), we initially investigated whether HAF overexpression could increase HIF-1␣ transactivation activity monitored by a cotransfected HRE-luciferase reporter construct. HAF overexpression in pVHL-deficient RCC4 cells resulted in a significant decrease in HIF-1 reporter activity in both normoxia and hypoxia (Fig. 1A) . It should be noted that increased HRE activity in hypoxia observed in cells transfected with HRE and both HRE plus HAF may be a result of decreased Renilla luciferase activity (normalization control) as part of the reduced transcription/translation rates that normally occur in hypoxia. Further investigation showed that F-HAF overexpression in two pVHL-deficient cell lines, RCC4 and UMRC6, resulted in a proteasome-dependent decrease in HIF-1␣ protein levels (Fig.  1B) . HAF overexpression also decreased hypoxic HIF-1␣ protein levels in a proteasome dependent manner and decreased HIF-1 reporter activity in RCC4 cells in which pVHL was stably reintroduced (RCC4/VHL cells [ Fig. 1C and D] ). Consistent with the presence of functional pVHL, the RCC4/VHL cells do not express detectable HIF-1␣ and demonstrate only baseline levels of HIF-1 reporter activity in normoxia. HAF overexpression did not affect the levels of HIF-2␣ expressed in the RCC4 or RCC4/VHL cells (Fig. 1B and C) , while the UMRC6 cells do not express detectable levels of HIF-2␣.
To determine the role of endogenous HAF in HIF-1␣ regulation, UMRC6 and RCC4 cells were transfected with HAF siRNA. HAF knockdown increased HIF-1␣ levels in both the RCC4 and UMRC6 cells to levels comparable to that achieved by the proteasomal inhibitor MG132 but did not affect the levels of HIF-2␣ (Fig. 1E) . The increase in HIF-1␣ levels by HAF siRNA was accompanied by a significant increase in HIF-1 transactivation (Fig. 1F) . Together, these data show that endogenous HAF is an important HIF-1␣-specific regulator in the absence of pVHL function.
To confirm that these observations were not specific to renal cancer cells, we transfected HT29 human colon carcinoma cells with HAF siRNA and found that, similar to the renal cancer cells, HAF knockdown increased hypoxia-induced HIF-1␣ protein levels, HIF-1 transactivation, and hypoxia-induced VEGF transcription ( Fig. 2A to C) . As the HT29 cells have functional pVHL and hence have undetectable levels of HIF-1␣ protein and activity in normoxia, we could not detect any effect of HAF knockdown on normoxic HIF-1␣ levels and transactivation.
To further characterize the effect of HAF on HIF-1␣ levels, we stably overexpressed HAF in HT29 cells. Selected clones showed a 7-to 34-fold increase in HAF mRNA (Fig. 2D) accompanied by a proportional increase in HAF protein that was associated with decreased HIF-1␣ levels and VEGF secretion ( Fig. 2E and F) . The decrease in HIF-1␣ was proteasome dependent as it could be blocked by treatment with MG132 (Fig. 2G ). Endogenous and overexpressed HAF protein was almost exclusively nuclear (Fig. 2H) . However, increased exposure demonstrates that a proportion of HAF is cytoplasmic, raising the possibility of nuclear and cytoplasmic shuttling of the protein. No differences were observed in the levels of HIF-1␤ or of HIF-1␣ mRNA (data not shown).
Taken together, these data and the data in Fig. 1 provide evidence that (i) HAF overexpression mediates the proteasome-dependent degradation of HIF-1␣ independently of oxygen and without requiring pVHL and (ii) endogenous HAF is a repressor of HIF-1␣ levels in multiple cell lines.
HAF promotes ubiquitination of HIF-1␣. To investigate the mechanism by which HAF increases HIF-1␣ degradation, we studied the effect of HAF on HIF-1␣ ubiquitination. The HAF and vector control clones were transfected with HA-ubiquitin and incubated under hypoxic conditions in the presence of MG132 (Fig. 3Ai) . IP of HIF-1␣ showed increased levels of ubiquitinated HIF-1␣ in the HAF clones compared to the vector control cells (Fig. 3Aii) , confirming that HAF overexpression increases the levels of HIF-1␣ ubiquitination. We also observed that HAF overexpression increased the overall ubiquitination of proteins larger than 110 kDa, although it is unclear whether this is due to increased ubiquitination of HIF-1␣ alone, HAF, or other potential HAF substrates. To determine whether HAF is ubiquitinated, sequential IPs were performed in HT29 cells transfected with F-HAF and HA-ubiquitin, whereby F-HAF was immunoprecipitated from the cell lysates, boiled in 1% SDS to dissociate HIF-1␣ and other binding proteins, and then reimmunoprecipitated with FLAG antibody. We found that F-HAF itself was also ubiquitinated in these cells, although the tight band observed is suggestive of monoubiquitination rather than the polyubiquitination obtained with HIF-1␣ (Fig. 3B) .
To investigate the effect of HAF on HIF-1␣ half-life, we performed pulse-chase experiments with the pVHL-deficient RCC4 cells transfected with control or HAF siRNA and then labeled with [ 35 S]methionine/cysteine followed by incubation (chase) for the indicated time in normal media. Immunoprecipitated HIF-1␣ was detected by autoradiography and quantified by densitometry (Fig. 3C) . We found that HAF siRNA increased HIF-1␣ half-life from 46 min to 112 min, showing that endogenous HAF reduces HIF-1␣ half-life. We could not use this technique to examine the effect of HAF overexpres- Hence, to address the question, we exposed the HT29 HAF clone S2-8 and vector control to hypoxia for 6 h to allow HIF-1␣ accumulation and then treated them with 25 g/ml cycloheximide and monitored the rate of HIF-1␣ decay. We found that HIF-1␣ half-life in hypoxia was decreased from 54 min in the vector control cells to 30 min in the HAF-overexpressing S2-8 clone (Fig. 3D) . Collectively, the data show that HAF overexpression promotes the ubiquitination of HIF-1␣ under hypoxic conditions and that HAF itself is ubiquitinated in cells. Furthermore, HAF is an important determinant of HIF-1␣ stability as knockdown of endogenous HAF increases HIF-1␣ half-life in pVHL-deficient cells while HAF overexpression decreases HIF-1␣ half-life in HT29 cells.
HAF binds to HIF-1␣ in vitro and in vivo. We next investigated whether HAF and HIF-1␣ are capable of forming a complex. Western blotting of hypoxic HT29 cells revealed co-IP of exogenously expressed HIF-1␣ and F-HAF (Fig. 4A) . Significantly, HAF was detected in xenograft lysates immunoprecipitated with HIF-1␣ antibody, showing that the HAF-HIF-1␣ interaction also occurs in vivo between endogenous proteins in human tumor xenografts (Fig. 4B) .
To characterize the interaction between HIF-1␣ and HAF, HIF-1␣ was in vitro transcribed and translated and used in pull-down assays with bacterially expressed GST-HAF or GST alone. We found that GST-HAF but not GST alone pulled down in vitro-transcribed/translated HIF-1␣ (Fig. 4Ci) , confirming the interaction between HAF and HIF-1␣ that we previously observed in cells. In contrast to the hydroxyprolinedependent interaction of pVHL with HIF-1␣, HAF also interacted with a P402A P564A N803A triple mutant of HIF-1␣ (HIF-1␣ tm), showing that the binding of HAF to HIF-1␣ does not require proline hydroxylation (Fig. 4Cii) .
To map the regions of HAF-HIF-1␣ interaction, we generated a series of HIF-1␣-V5 and GST-HAF deletion mutants. Experiments using full length HIF-1␣ (Fig. 4Ci) and deletion mutants HIF-1␣ 296-826 , HIF-1␣ 296-603 , and HIF-1␣ 603-826 (see Fig. S1 in the supplemental material) suggest that HAF binds to HIF-1␣ within amino acids 296 to 603 and that this binding is mediated by the HAF C terminus (HAF 396-800 ). Next, we generated additional HAF C-terminal deletion mutants to map the HIF-1␣ binding domain of HAF using HIF-1␣ 296-603 as the input. Hence, we found that the minimal binding domain of HAF is HAF 654-800 (Fig. 4D) . Similarly, using GST-HAF to pull down in vitro-transcribed/translated truncations within HIF-1␣ 296-603 , we mapped the minimal HAF binding domain of HIF-1␣ to HIF-1␣ 296-400 (Fig. 4E) . Taken together, these data show that (i) HAF and HIF-1␣ interact in cells and in tumor xenografts in vivo, (ii) HAF interacts with HIF-1␣ in vitro and does not require HIF-1␣ prolyl hydroxylation, and (iii) the C terminus of HAF (HAF 654-800 ) interacts with HIF-1␣ specifically within amino acids 296 to 400.
HAF is a novel E3-ubiquitin ligase for HIF-1␣. The ability of HAF to both bind and increase the ubiquitination of HIF-1␣ suggests that HAF could be a novel ubiquitin ligase. To test this hypothesis, we performed in vitro ubiquitination assays with recombinant proteins expressed in bacteria, which lack the ubiquitin system (20) . GST-HAF was incubated with ubiquitin in the presence of E1, ATP, and a panel of E2 enzymes to assay the autoubiquitination activity of HAF. HAF displayed significant autopolyubiquitination activity in an E2-dependent manner with the E2s UbcH5 (particularly UbcH5a) and Ubc13/Uev1a (Fig. 5A ). In addition, the C terminus of HAF containing the HIF-1␣ binding domain was sufficient for autopolyubiquitination activity (Fig. 5B) . Similar to certain recently described E3s (28, 29) , inspection of the primary sequence of HAF revealed no significant similarities to any known E3-ubiquitin ligase motifs (such as RING, HECT, or U box). In addition, mutation of each of the three Cys residues in HAF 396-800 had no effect on its autopolyubiquitination activity (Fig. 5C) suggesting that HAF is a novel, atypical E3-ubiquitin ligase that, in contrast to the RING-and HECT-type E3 ligases, does not require conserved cysteine residues for functional activity.
To map the HAF ligase domain, in vitro ubiquitination assays were performed using GST-HAF C-terminal truncations. We found that HAF 654-800 , which is also the HIF-1␣ binding region of HAF (Fig. 4D) , was necessary for HAF autopolyubiquitination activity (Fig. 5D) .
To determine if the GST-HAF truncations can also ubiquitinate HIF-1␣, bacterially expressed GST-HIF-1␣-V5 (HIF ) was included in the assays. HIF-1␣ produced in Escherichia coli is unhydroxylated as bacterial cells lack this capability (22) . Hence, we found that only the GST-HAF truncations containing the HAF 654-800 region were able to generate the higher-molecular-weight forms of HIF-1␣ (polyubiquitinated HIF-1␣), whereas reaction mixtures containing UbcH5a alone or UbcH5a and HAF 396-654 did not result in the polyubiquitination of HIF-1␣ (Fig. 5E) .
To confirm the specific ubiquitination of HIF-1␣, ubiquitination assays using full-length GST-HAF and GST-HIF-1␣-V5 were performed with beads washed and boiled to dissociate all binding proteins and the supernatant immunoprecipitated with V5 antibody as outlined (Fig. 5F ). We found that HIF-1␣ is polyubiquitinated by HAF only in reaction mixtures containing both HAF and UbcH5, whereas UbcH5 in the absence of HAF or vice versa is unable to polyubiquitinate HIF-1␣ (Fig. 5F ). Similar results were obtained using HAF 396-800 (see Fig. S2 in the supplemental material).
These results provide clear evidence that (i) HAF is a novel, atypical E3-ubiquitin ligase that ubiquitinates non-prolyl hydroxylated HIF-1␣ in an E2-dependent manner, and (ii) the HAF E3 ligase activity is within amino acids 654 to 800.
HAF overexpression in tumor xenografts decreases HIF-1␣ levels and inhibits angiogenesis and tumor growth. HIF-1␣ is believed to promote tumor growth and angiogenesis (42) . Therefore, HAF, as an E3 ligase that mediates HIF-1␣ degradation, would be expected to have tumor suppressor properties. To evaluate this possibility, we studied the effect of HAF on in vivo tumor growth. Indeed, the HAF-overexpressing clones S1-1 and S2-9 showed reductions in growth by 36% Ϯ 4% and 48% Ϯ 5%, respectively, compared with the vector control tumors when grown as xenografts in nude mice (Fig.  6A) . In addition, tumors from both HAF clones were of a markedly paler appearance than the vector tumors, suggesting decreased vascularization (Fig. 6B) . These observations were supported by immunohistochemical staining with the endothelial marker CD105, which revealed a trend toward decreased microvessel density in the HAF clones (Fig. 6C) . Furthermore, xenograft tumors from the HAF clones (two representative tumors depicted for each clone) showed significantly lower expression levels of HIF-1␣ protein ( Fig. 6D and E) and of the HIF-regulated genes VEGF, GLUT-1 (coding for glucose transporter 1), and CA-IX (coding for carbonic anhydrase IX) compared to vector-derived xenograft tumors, whereas HIF-1␣ mRNA was unchanged (Fig. 6F) . HAF also coimmunoprecipitated with HIF-1␣, confirming the interaction between HIF-1␣ and HAF in the stable clones (Fig. 6G) . In contrast to the effects of HAF overexpression on tumor growth in vivo, no significant difference was observed in the in vitro rate of proliferation of the HAF clones compared to that of the vector or parental cells under both normoxic and hypoxic conditions (Fig. 6H) . This is not surprising as the effect of HIF-1␣ on proliferation is frequently only observed in vivo (5), as cells in culture are minimally stressed and increased production of proangiogenic factors mediated by HIF-1 provides them with little proliferative advantage. In summary, HAF overexpression decreases HIF-1␣ levels in vivo, which is accompanied by decreased angiogenesis and inhibition of tumor growth. Endogenous HAF is a key regulator of HIF-1␣. To determine whether the HAF-mediated HIF-1␣ degradation pathway is a general mechanism, we studied the effect of HAF knockdown in a panel of cell lines. HAF siRNA transfection resulted in a clear increase in HIF-1␣ levels in PANC-1, DU-145, and PC-3 cells in both normoxia and hypoxia (Fig. 7A) , supporting our initial observations in the renal carcinoma and HT29 cells and indicating that HAF mediates a general effect as an important, oxygen-independent regulator of HIF-1␣.
To evaluate the significance of HAF in HIF-1␣ regulation, we compared the effects of HAF to that of the best-studied regulator of HIF-1␣, pVHL. In normoxia, treatment of PANC-1 or PC-3 cells with siRNA to either HAF or pVHL induced comparable levels of HIF-1␣, suggesting that in these cells, the HAF pathway is of equal importance to the pVHL pathway in regulating HIF-1␣ (Fig. 7B) . However, unlike the pVHL pathway, HAF-mediated HIF-1␣ degradation is maintained in hypoxia. Transfection of the PANC-1 and PC-3 cells with HAF siRNA resulted in 1.5-and 2.1-fold increases in the already elevated hypoxic HIF-1␣ levels, whereas transfection with pVHL siRNA resulted in more modest changes of 1.2-to 1.3-fold, respectively (Fig. 7B) . Thus, HAF regulates HIF-1␣ together with pVHL in normoxia but plays an additional role in HIF-1␣ regulation in hypoxia, when pVHL cannot bind HIF-1␣.
It is notable that knockdown of pVHL or HAF in normoxia did not result in an induction of HIF-1␣ protein to a similar magnitude as that obtained in hypoxia, as would be expected if the hypoxia-induced increase in HIF-1␣ was solely attributed to decreased degradation. In this regard, the PANC-1 and PC-3 cells have elevated HIF-1␣ levels that have been linked to Src or phosphatidylinositol 3-kinase (PI-3K) activation (13) . As Src or PI-3K activity can be modulated by hypoxia (3, 25) , it is possible that these factors in addition to the inhibition of degradation are important for the induction of HIF-1␣ in hypoxia in these cells. The expression of HIF-1␣ in normoxia in the presence of functional pVHL can be induced in prostate cancer cells such as PC-3 and DU-145 cells by EGF stimulation (24) . To evaluate the role of endogenous HAF in the regulation of EGFinduced HIF-1␣ in normoxia, we transfected these cells with HAF or pVHL siRNA prior to EGF stimulation and then monitored the levels of HIF-1␣. Transfection with HAF siRNA resulted in a comparable or greater induction of HIF-1␣ than pVHL siRNA under serum starvation or EGF stimulation in PC-3 and DU-145 cells (Fig. 7C ). This indicates that HAF plays an important role together with pVHL in degrading EGF-induced HIF-1␣ in normoxia.
Hence, we show that the HAF-mediated HIF-1␣ degradation pathway is important in regulating HIF-1␣ levels in normoxia, hypoxia, and under EGF stimulation in a panel of cell lines, suggesting that HAF is a general, oxygen-independent regulator of HIF-1␣ levels. The HAF pathway functions in parallel to the pVHL pathway in normoxia but plays a pivotal role in HIF-1␣ degradation during hypoxia, when pVHL cannot degrade HIF-1␣.
HAF degrades HIF-1␣ independently of the RACK1-elongin C pathway. RACK1 has been shown to recruit elongin C and other components of an E3 ligase complex in a manner mechanistically similar to pVHL for oxygen-independent degradation of HIF-1␣ (30) . To determine if elongin C or RACK1 is required for HAF-mediated HIF-1␣ degradation, we overexpressed HAF in PANC-1 cells where either elongin C or RACK1 was knocked down by siRNA. We found that HAF overexpression decreased HIF-1␣ levels in the absence of either elongin C or RACK1 ( Fig. 7D and E) , suggesting that neither is required for HAF-mediated HIF-1␣ degradation (Fig. 7E) . Hence, HAF degrades HIF-1␣ through a mechanism distinct from the RACK1-elongin C pathway.
DISCUSSION

HAF degrades HIF-1␣ independently of oxygen and pVHL.
The most extensively studied mechanism for the regulation of HIF-1␣ protein levels is its ubiquitin-proteasome degradation ing of HAF residues 654 to 800 to HIF-1␣ residues 296 to 400. Unlike pVHL, the binding of HAF to HIF-1␣ is oxygen independent and does not require prolyl hydroxylation. Our studies have also shown that HAF and pVHL do not interact (not shown). HAF displays E2-dependent autopolyubiquitination activity and ubiquitinates HIF-1␣ in cell-free assays using recombinant proteins, mediated by the HAF 654-800 domain. In addition, HAF is monoubiquitinated in vitro, which may provide an avenue for self-regulation (18) . HAF does not contain a prototypical E3 ligase motif, nor does it require catalytic cysteines for its activity, and thus HAF joins a growing list of atypical E3 ligases whose catalytic domains cannot be defined as either HECT, RING, or U-box motifs (28, 29) .
HAF is a multifunctional DNA binding ubiquitin ligase. HAF is evolutionarily conserved, and both HAF and its yeast homolog, Snu66p, are components of the human and yeast U4/U6 ⅐ U5 tri-snRNP (small nuclear ribonucleoprotein) complexes, respectively, and are essential for the assembly of mature spliceosomes (32) . HAF has also been identified in a genomic RNA interference screen as a gene essential for cell division, the silencing of which results in mitotic arrest (26) .
The N terminus of murine HAF has previously been shown to bind DNA and induce the transcription of EPO and VEGF (16). Here we describe for the first time, E3-ubiquitin ligase activity within the C terminus of HAF. This indicates that HAF may be a modular protein with DNA binding activity within its N terminus and E3 ligase activity within its C terminus. HAF does not require DNA in order to associate with or ubiquitinate HIF-1␣ (our in vitro data), but the ability of both HIF-1␣ and HAF to bind to DNA regulatory regions of common genes raises the intriguing possibility of increased interaction between DNA-bound HIF-1␣ and HAF, which may result in increased degradation of HIF-1␣.
The dual functionality of DNA binding and E3 ligase activity is not unique to HAF. The tumor suppressor BRCA1 is a RING E3 ligase that binds directly to DNA independently of its RING domain (36) , while p300 acts as both a transcriptional coactivator and ubiquitin ligase for p53 (14) . It has been suggested that the apparent self-antagonism and multifunctionality of these proteins may allow a single molecule to integrate multiple diverse signals into a single highly sophisticated outcome, thus forming critical nodes where mutation or loss may invariably result in disease (9) .
Importance of HAF in HIF-1␣ regulation in vivo. HAF has been detected in all cell lines (both normal and tumor derived) and in proliferating tissue but is undetectable in normal, nonproliferating tissue (47) . As tumors are almost invariably highly proliferative, HAF has been detected at higher levels in some tumors compared with the surrounding, nonproliferating normal tissue (41) .
We have shown that HAF is an important oxygen-independent regulator of HIF-1␣ in normoxia, hypoxia, and under EGF stimulation and thus dictates the basal levels of HIF-1␣ in each setting. Given its association with proliferation, it is possible that HAF mediates the oxygen-independent, proliferation-dependent degradation of HIF-1␣, whereas the pVHLmediated pathway specifically modulates the levels of HIF-1␣ in the presence of oxygen. Further studies are required to determine whether specific physiological stimuli can lead to changes in HAF levels or activity, thus modifying levels of HIF-1␣. Significantly, HAF and not pVHL is the critical determinant of the levels of hypoxia-induced HIF-1␣, whereas in normoxia, both the HAF-and pVHL-mediated pathways function in parallel (Fig. 8) . Hence, HAF provides an additional layer of control allowing the precise regulation of HIF-1␣ levels, possibly under diverse conditions.
It is intriguing that HAF does not appear to regulate the levels of HIF-2␣ in the RCC4 cells. It has recently become clear that HIF-1␣ and HIF-2␣ regulate unique target genes and that the relative importance of the different HIF-␣ isoforms differs according to cell or tissue type (12) . Additionally, HIF-1␣ and HIF-2␣ have been shown to demonstrate a reciprocal relationship in which overexpression of one isoform results in the downregulation of the remaining isoform (39) . This may explain our conflicting results with the study showing that HAF knockdown decreases hypoxia-dependent EPO and VEGF transcription (15) . HIF-2␣ (and not HIF-1␣) is the key regulator of EPO in the HEP3B cells used in that study (50) , and it is possible that HAF knockdown increases HIF-1␣ levels, hence resulting in the decreased HIF-2␣-dependent transcriptional activity reported. In contrast, our study focuses on cells such as the HT29 cells in which HIF-1␣ is the dominant isoform.
HIF-1␣, although promoting the cellular adaptation to hypoxia, also induces apoptosis under certain settings (6) . Furthermore, overexpression of stable HIF-1␣ inhibits tumor growth, while HIF-2␣ overexpression promotes tumor growth in renal carcinoma xenograft models (39) . Therefore, HAF may play a more important role in cells that express both HIF-1␣ and HIF-2␣ by selectively degrading HIF-1␣ while simultaneously allowing HIF-2␣ to drive tumorigenesis.
Conclusions. This study introduces a new mechanism for HIF-1␣ regulation by HAF, a novel HIF-1␣ E3 ligase that binds to HIF-1␣ causing its ubiquitination and proteasomal degradation. This is a unique mechanism that occurs independently of oxygen and HIF-1␣ prolyl hydroxylation and is therefore capable of regulating HIF-1␣ levels under conditions in which the pVHL-E3 ligase complex is inactive (such as during hypoxia). Intriguingly, HAF overexpression does not result in the degradation of HIF-2␣ but is the mediator of a new degradation pathway specific to HIF-1␣. Consequently, we believe that HAF determines the basal levels of HIF-1␣ in an oxygenindependent manner, hence setting a baseline level of HIF-1␣ FIG. 8 . HAF and pVHL participate in two overlapping but distinct HIF-1␣ regulatory pathways. HAF regulates the basal levels of HIF-1␣ in an oxygen-independent pathway and degrades HIF-1␣ in normoxia and hypoxia, whereas pVHL maintains low HIF-1␣ levels only in normoxia in an oxygen-dependent pathway. Together the two parallel but complementary pathways determine the total levels of HIF-1␣. 
